Microcavity effects in SiGe/Si heterogeneous nanostructures prepared by electrochemical anodization of SiGe/Si multiple quantum wells J. Appl. Phys. 110, 103101 (2011) Microstructure, optical property, and electronic band structure of cuprous oxide thin films J. Appl. Phys. 110, 103503 (2011) Suppression of luminescence quenching at the nanometer scale in Gd2O3 doped with Eu3+ or Tb3+: Systematic comparison between nanometric and macroscopic samples of life-time, quantum yield, radiative and nonradiative decay rates J. Appl. Phys. 110, 094317 (2011) Influence of local atomic configuration in AlGdN phosphor thin films on deep ultra-violet luminescence intensity J. Appl. Phys. 110, 093108 (2011) Comparative investigation on the 2.7m emission in Er3+/Ho3+ codoped fluorophosphate glass J. Appl. Phys. 110, 093106 (2011) Additional information on J. Appl. Phys. Broadband spectral modification of near ultra violet (UV) light to infra-red (IR) light is investigated in Yb 3þ -doped CeO 2 polycrystalline ceramics sintered in different atmospheres (air, oxygen, and 95%N 2 -5%H 2 ). The intense Yb 3þ photoluminescence (PL) peaked at 970 nm was observed by the UV excitation at around 390 nm in the samples except those sintered under N 2 -H 2 . A broad photoluminescence excitation (PLE) band of Yb 3þ luminescence peaked at 390 nm corresponds to the absorption band and the photocurrent excitation band in the non-doped CeO 2 crystal, which are also in accordance with the PLE band of Eu 3þ luminescence in the Eu 3þ -doped CeO 2 . Judging from these results, the PLE band is attributed to the charge transfer (CT) band from O 2À to Ce 4þ , but not to the CT from O 2À to Yb 3þ . From the sintering atmosphere dependence of the PL and PLE, we found that the oxygen vacancies and Ce 3þ impurities are not responsible for the 390 nm-absorption band but they work as a quenching center for the Yb 3þ luminescence.
Broadband spectral modification of near ultra violet (UV) light to infra-red (IR) light is investigated in Yb 3þ -doped CeO 2 polycrystalline ceramics sintered in different atmospheres (air, oxygen, and 95%N 2 -5%H 2 ). The intense Yb 3þ photoluminescence (PL) peaked at 970 nm was observed by the UV excitation at around 390 nm in the samples except those sintered under N 2 -H 2 . A broad photoluminescence excitation (PLE) band of Yb 3þ luminescence peaked at 390 nm corresponds to the absorption band and the photocurrent excitation band in the non-doped CeO 2 crystal, which are also in accordance with the PLE band of Eu 3þ luminescence in the Eu 3þ -doped CeO 2 . Judging from these results, the PLE band is attributed to the charge transfer (CT) band from O 2À to Ce 4þ , but not to the CT from O 2À to Yb 3þ . From the sintering atmosphere dependence of the PL and PLE, we found that the oxygen vacancies and Ce 3þ impurities are not responsible for the 390 nm-absorption band but they work as a quenching center for the Yb 3þ luminescence. Luminescent solar concentrating materials have attracted a great deal of interest for photovoltaic applications to improve the efficiency of solar cells by modifying the solar spectrum. The crystalline silicon (c-Si) solar cells most effectively convert photons with energy close to its semiconductor bandgap at 1.1 eV. The mismatch between the incident solar spectrum and the spectral response of the solar cells is one of the main reasons to limit the cell efficiency. The efficiency limit of the c-Si have been estimated to be 29% by Shockley and Queisser.
1 However, this limit is estimated to be improved up to 38.4% by modifying the solar spectrum by quantum cutting (downconverting) phosphors that convert one photon of high energy into two photons of lower energy.
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Quantum cutting conversion from a visible/UV photon shorter than 500 nm to two or more infrared photons have been reported in rare earth ions pairs of Tb 3þ -Yb 3þ , 3 Pr 3þ -Yb 3þ , 4, 5 and Er 3þ -Yb 3þ . 6 The Yb 3þ ion is suitable as an acceptor and emitter because the energy of only excited level of Yb 3þ ($1.2 eV) is in accordance with the bandgap of c-Si ($1.1 eV) and the luminescent quantum efficiency of Yb 3þ is mostly close to 100%. However, since absorption transitions of Pr 3þ , Tb 3þ , and Er 3þ as a donor are due to the forbidden f-f transitions, the absorption line-width is mostly sharp and the absorption cross-section is not large. In order to overcome this problem, the allowed f-d transitions of Ce 3þ (Refs. 7-11) and Eu 2þ (Refs. [12] [13] [14] or the host absorptions of ZnO crystals 15 are considered to be used as the sensitizer of Yb 3þ luminescence in order to absorb the solar spectrum efficiently.
In this study, we focused on the host absorption of CeO 2 crystals. The CeO 2 crystals have a bandgap of 3.2 eV between the occupied 2p band of O and the narrow 4f band of Ce, and another wider bandgap of 6 eV between the 2p band of O and the band of 5d and 6s states of Ce. [16] [17] [18] There is a possibility that the CeO 2 crystals can be used as near UV sensitizer of luminescence of trivalent rare earth ions because of the former band absorption, which is attributed to the charge transfer (CT) from O 2À to Ce 4þ . In addition, trivalent rare earth ions can be introduced easily into the CeO 2 crystals due to their close ionic radius to that of Ce 4þ ion compared with other metal oxide hosts, such as ZnO and TiO 2 , which also have an absorption band in the near UV range. Therefore mortar and pressed into a pellet of 10 mm diameter. The obtained pellets were sintered at 1600 C for 6 h under air, O 2 , and N 2 -H 2 (5%) atmospheres. The final products were identified by an x-ray diffraction (XRD) measurement (Rigaku, UltimaIV). In addition, in order to evaluate the lattice constants of the crystals correctly, MgO powders (30 wt. %) were mixed into the obtained sample powders as a reference of the angle correction. The photoluminescence (PL) spectra by a 378 nm laser diode (LD) (Nichia, NDHU110A-PAE3) excitation were measured by combining a monochromator (Nikon, G250) and a Si photodiode (Electro-Optical System, Inc., S-025-H). For the PLE spectra measurement, the samples were excited by monochromatic light obtained by combining a Xe lamp (Asahi Spectra Co., Ltd., MAX-302) and the monochromator. The Yb 3þ luminescence was detected by combining a bandpass filter (1000 nm) and the Si photodiode. All the obtained PL and PLE spectra were calibrated by a standard halogen lamp (Labsphere, SCL-600) and a standard Si photodiode (Hamamatsu Photonics, S1337-1010BQ) for the precise photometry. For measurement of the photocurrent excitation (PCE) spectrum, gold electrodes were deposited on the sample which was partially masked by a tape of 1 mm width in order to separate the electrodes. The sample connected with two nickel wires was mounted into a vacuum chamber in order to suppress surface current of the sample. The sample was excited by a combination of the Xe lamp and the monochromator. A direct voltage of 30 V was applied to the sample and photocurrents were measured with a digital electrometer (ADVANTEST 8240).
III. RESULTS
A. XRD patterns The colors of the obtained samples sintered under air and O 2 were light yellow at any Yb 3þ concentration while those sintered under N 2 -H 2 were deep black. Figure 2 shows the diffuse reflectance spectra of the CeO 2 :Yb 3þ (x ¼ 1; air, O 2 , and N 2 -H 2 ). An absorption band was observed in the range between 300 and 450 nm in all the samples. This band can be attributed to the CT band from O 2À to Ce 4þ . In addition, a broad and strong absorption band was observed over visible range in the CeO 2 :Yb 3þ (x ¼ 1; N 2 -H 2 ). This broad absorption band is a cause of the black color of the samples sintered under N 2 -H 2 . Figure 3 shows the diffuse reflectance spectra of the CeO 2 :Yb 3þ (x ¼ 0-10; air). The onset absorption wavelengths were red-shifted from 430-460 nm with increasing Yb 3þ concentration. The intensity of the absorption band was not significantly changed by Yb 3þ concentration. Figure 5 shows the PL spectra of the CeO 2 :Yb 3þ (x ¼ 0-10; air). The Yb 3þ luminescence was observed in all the samples doped with Yb 3þ and the luminescent intensity once increased at first and decreased with increasing Yb 3þ concentration. In addition, the spectral shape of the Yb 3þ luminescence changed with Yb 3þ concentration. Figure 6 shows the PLE spectra monitoring the Yb 3þ luminescence in the CeO 2 :Yb 3þ (x ¼ 0.5; air, O 2 , and N 2 -H 2 ). The PLE band was observed in range between 200 and 450 nm in all the samples, which can be attributed to the CT transition from O 2À to Ce 4þ . The PLE intensities in the samples sintered under air and O 2 were much stronger than those sintered under N 2 -H 2 . In addition, the PLE peak wavelengths were different in the samples sintered under various atmospheres. The PLE peak wavelength at about 350 nm in the sample sintered under N 2 -H 2 was shorter than that at 390 nm in the samples sintered under air and O 2 . Figure 7 shows the PLE spectra monitoring the Yb 3þ luminescence in the samples sintered under air with various Yb 3þ concentrations. The PLE peak intensities and wavelengths were changed with increasing Yb 3þ concentration. Figure 8 shows the photocurrent excitation spectra of the CeO 2 :Yb 3þ (x ¼ 0 and 0.1; air) and the PLE spectrum of the CeO 2 :Yb 3þ (x ¼ 0.1; air). The PCE band was observed at 385 and 388 nm in the pure CeO 2 and CeO 2 :Yb 3þ (x ¼ 0.1; air) at room temperature, respectively. The PCE peak wavelength corresponds to the PLE peak wavelength in the CeO 2 :Yb 3þ (x ¼ 0.1; air). This PCE band can also be attributed to the CT transfer from O 2À to Ce 4þ . Figure 9 shows the PLE spectra of Lattice constants of the CeO 2 :Yb 3þ crystals with cubic symmetry were estimated from XRD results. Figure 10 shows the Yb 3þ concentration dependence of the lattice constant in the samples sintered under air, O 2 , and N 2 -H 2 . The lattice constants of the samples sintered under any atmosphere decreased with increasing Yb 3þ concentration. In addition, the lattice constants of the samples sintered under N 2 -H 2 were larger than that under air and O 2 at any Yb concentration. These changes of the lattice constants can be caused by formation of some defects in the CeO 2 -based crystals. The possible defect reactions are (1) Ce 3þ formation in CeO 2 crystals and (2) incorporation of Yb 3þ impurities into the CeO 2 crystals, which can be described by
(1) 25 The Yb 3þ dependence of the lattice constant in the reference data are in good agreement with our results.
B. Crystal structure and photoluminescence property Figure 11 shows the PL spectra by 378 nm excitation normalized by the peak intensity at 978 nm in the sample sintered under air. With increase of Yb 3þ concentration, the bandwidth was broadened and the PL intensity ratio between 1030 and 1040 nm peaks was changed. The observed broadening of the Yb 3þ luminescence can be interpreted from the viewpoint of the inhomogeneity in the local environment around Yb 3þ caused by the substitution by itself. As discussed in the previous section, the substitution of Yb 3þ introduces oxygen vacancies in the samples for the requirement of stoichiometry and charge neutrality. Figure 12 shows a possible site variations of Yb 3þ in the Yb:CeO 2 crystal. In this figure, the cube shows the anion polyhedron surrounding a cation. Assuming that the first-nearest eight sites of Yb 3þ are occupied by oxygen ions and one oxygen vacancies at most and the second-nearest twelve sites would be occupied by the Ce 4þ ions and one Yb 3þ ion at most, there are six variations of the coordination environments around Yb 3þ . Actually, the oxygen vacancies at the first-nearest sites and the Yb 3þ ions at the second-nearest sites should increase with increasing Yb 3þ concentration. Therefore, the inhomogeneity of the Yb 3þ sites also increases with increasing Yb 3þ concentration, which contributes to the broadening of Yb 3þ luminescence spectra. In addition, the change of local coordination of the 
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Yb 3þ ion with Yb 3þ concentration can also lead to variation of the spectral shape of the Yb 3þ luminescence. The PL and PLE intensity in the CeO 2 :Yb 3þ sintered under N 2 -H 2 was much lower than those sintered under air and O 2 . Therefore, the PLE band at around 390 nm cannot be due to the oxygen vacancies and the 4f-5d transition of Ce 3þ because in these samples sintered under N 2 -H 2 , concentration of Ce 3þ impurities and oxygen vacancies are the highest. These results rather indicate that the Ce 3þ impurities and/or oxygen vacancies can work as a quenching center of the Yb 3þ luminescence in CeO 2 crystals. In addition, another important point to be addressed is transparency of the samples for optimum use as a wavelength convertor of the solar spectrum. Although the CeO 2 :Yb 3þ crystals sintered under air and O 2 show the intense Yb 3þ luminescence, they are not completely transparent in the present stage. Because of cubic symmetry, the fluorite type crystals can be fabricated into transparent ceramics by some appropriate methods such as sintering of nano powders in vacuum or hot isostatic pressing (HIP) process of nano powders. However, the sintering of the samples under vacuum cannot avoid the formation of the Ce 3þ impurities and oxygen vacancies in the crystals. Therefore, efficient downconvertors of the CeO 2 :Yb 3þ transparent ceramics with less amount of such quenching centers can be obtained by post-annealing under O 2 after sintering in vacuum or the HIP process. Figure 13 shows the Yb 3þ concentration dependence of the PL intensity by the 378 nm excitation in the samples sintered under air. With increasing Yb 3þ concentration, the PL intensity increased until about 1 mol % of Yb 2 O 3 , and then decreased; i.e., the concentration quenching of Yb 3þ luminescence occurs above 1 mol % Yb 2 O 3 . Therefore, we conclude that optimum Yb 3þ concentration is between 0.5 and 1 mol %.
D. Assignment of UV-band
The absorption band in the diffuse reflectance spectra and PLE/PCE bands at around 390 nm were attributed to the charge transfer (CT) transition from O 2À to Ce 4þ in this study because the band wavelength corresponds to the bandgap (Eg ¼ 3.2 eV) attributed to 2p(O) ! 4f(Ce), 17, 18 which is exactly equivalent to the charge transfer from O 2À to Ce 4þ . However, in the CeO 2 :Eu 3þ crystals prepared by the sol-gel method, the shorter CT band from O 2À to Ce 4þ at 350 nm has been reported. 19, 20, 22, 23 The difference of the CT band energy between the CeO 2 :Yb 3þ bulk prepared by the solid-state reaction and the reported CeO 2 :Eu 3þ powders prepared by sol-gel method can be caused by the way of preparation and the sintering temperature. In general, the CeO 2 powders prepared by sol-gel method have a few tenths nm in the crystallite size. In this case, the quantum size effect cannot be ignored and the CT energy gap would be blueshifted. Actually, the CeO 2 :Eu 3þ prepared by the solid state reaction at 1360 C has the longer PLE band (k ¼ 373 nm). 21 Li et al. have reported that with increasing temperature of annealing in the CeO 2 :Eu 3þ prepared by the sol-gel method the lattice constant increases and also the CT band is redshifted. Therefore, the band structure of CeO 2 can be very sensitive to the crystallite size and the lattice constant. In the CeO 2 :Eu 3þ prepared by our sintering process, the PLE peak has longer wavelength at 387 nm rather than those in CeO 2 :Eu 3þ mentioned above and good accordance with the PLE peak at 389 nm in the CeO 2 :Yb 3þ . This result also supports our conclusion that the PLE band at around 390 nm is the CT band from O 2À to Ce 4þ , independent of the doped lanthanide ions. Figure 14 shows the PLE peak wavelengths as a function of the lattice constant in the CeO 2 :Yb 3þ (air). The PLE peak wavelengths were red-shifted with decreasing lattice constant. Generally, the lattice constant of a solid is directly correlated with its energy band structure, so that the shift of 
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the PLE band can be explained by the CT band. In addition, the PCE band at 385 nm was observed in the pure CeO 2 . The photocurrent can be caused by the electron transfer between the Ce 4þ and the photoinduced Ce 3þ because the electronic conductivity in the CeO 2 crystal due to existence of Ce 3þ / Ce 4þ has been reported. 26 Therefore, this PCE band is attributed to the CT transition from O 2À to Ce 4þ , but not to the CT transition from O 2À to Yb 3þ . The results of the lattice constant dependence of the PLE peak and the photocurrent excitation spectra also support that the observed PLE band at 390 nm is due to CT transition from O 2À to Ce 4þ . However, in the samples doped with low concentration of Yb 2 O 3 (<1 mol %), both PLE and PCE spectra have a small edge in shorter wavelength side of the peak. This edge structure in the PLE and PCE spectra was not observed in the pure CeO 2 . Therefore, the PLE and PCE edges in the samples doped with low concentration of Yb 2 O 3 can be attributed to the CT transition from O 2À to Yb 3þ .
E. Energy transfer mechanisms
The Yb 3þ ion has only one 4f excited level at around 1 lm, so that there is no spectral overlap between the absorption band (380 nm) of CeO 2 and that of Yb 3þ . Therefore, the resonant energy transfer by the multipolar interaction and exchange interaction are not likely to occur. One possibility is an energy transfer by the quantum cutting mechanism. 3 Thus, although the CeO 2 crystal does not either have an intermediate level at 1 lm, the quantum cutting in the CeO 2 :Yb 3þ may occur through the same process, i.e., conversion of a UV photon into two or three infrared photons (see Fig. 15 ). On the other hand, the photo-induced current was observed by photoconductivity measurement. In this process, the electrons may be caught by level of Yb 3þ by the radiative and non-radiative process has been reported in many crystals. [27] [28] [29] Therefore, another possibility is an energy transfer through the CT state. In order to determine the detailed energy transfer mechanisms and possibility of quantum cutting, further experiments are necessary.
V. CONCLUSION
The intense 1 lm luminescence band attributed to the Yb 3þ : 2 F 5/2 À 2 F 7/2 transition was obtained by the UV excitation at around 390 nm in the CeO 2 :0.5 $1 mol %Yb 3þ sintered under air and O 2 with various Yb 3þ concentrations. The broad PLE band of Yb 3þ luminescence peaked at 390 nm corresponds to the absorption band and the PCE band in non-doped CeO 2 crystal, which are also in accordance with the PLE band of Eu 3þ luminescence in the Eu 3þ -doped CeO 2 . Therefore, we conclude that PLE band is due to the CT band from O 2À to Ce 4þ , neither to that from O 2À to Yb 3þ , the oxygen vacancies nor to Ce 3þ impurities. Since these crystals are transparent in wide wavelength region above 400 nm and convert near UV photon into 1 lm photons, an application to a downconverting phosphor for solar cells can be feasible. . Quantum cutting process from one photon to two or three photons is energetically possible.
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